FIG. 1. Multiple neuroendocrine neoplasia in
and EAPs (E; lanes 1, 2, 6, 8, 9, 14, and 16) of the pituitary anterior lobe (AL, lanes 1-4), the parathyroid gland (PG, lanes 6 and 7), thyroid C cells (TG, lanes [8] [9] [10] [11] , lung metastases (L, lanes 12 and 13), or adrenal medulla (lanes 14 and 16-18) . N, Rb ϩ/Ϫ normal tissue (lanes 5 and 15). Nondenaturing 12% polyacrylamide gel stained with silver. The 236-bp band corresponds to the mutant Rb allele (11) .
Pharmacology. In the article "Nuclear localization of prostaglandin E 2 receptors" by Mousumi Bhattacharya, Krishna G. Peri, Guillermina Almazan, Alfredo Ribeiro-da-Silva, Hitoshi Shichi, Yves Durocher, Mark Abramovitz, Xin Hou, Daya R. Varma, and Sylvain Chemtob, which appeared in number 26 In humans retinoblastoma susceptibility gene (RB) is inactivated in all familial and sporadic retinoblastomas and in 90% of small cell lung carcinomas (1) (2) (3) . Loss of RB function also occurs less often in a variety of other human tumors, including osteosarcomas and tumors of the mammary gland and prostate. Previous studies have provided remarkable insights about RB structure, biochemical properties, and possible RB functions (for review see refs. [4] [5] [6] [7] . The original observations of RB tumor-suppressive activity were based on xenogeneic models. RB-mediated suppression of malignant growth was observed in the nude mice implanted with retinoblastoma, osteosarcoma, as well as carcinomas of prostate, lung, bladder, and breast (reviewed in ref. 4) . These studies implied that introduction of RB into RB-deficient cells may result in suppression of neoplastic phenotype in clinical settings.
The subsequent development of mouse models made it feasible to test the hypothesis of tumor suppression by RB in vivo. Although information on the Rb status of sporadic tumors in mice is not available, mice with a single wild-type copy of Rb, as well as Rb ϩ/ϩ ͞Rb Ϫ/Ϫ chimeras, reproducibly develop Rb-deficient melanotroph tumors of the pituitary intermediate lobe (8) (9) (10) (11) (12) (13) (14) , and those of certain strains also develop C-cell thyroid carcinomas (12, 13, 15) and hyperplasia of the adrenal medulla (9, 15) . A defined anatomical site, high penetrance, and synchronous development of melanotroph tumors allowed the precise evaluation of carcinogenesis associated with Rb deficiency (11) . By using this model, loss of the wild-type Rb was demonstrated to be the earliest identifiable event during neoplastic transformation of melanotrophs in Rb ϩ/Ϫ mice. To evaluate tumor suppressor potential in vivo, a recombinant adenovirus-5 vector expressing full-length human RB cDNA was delivered by direct injection into the pituitary intermediate lobe (16) . Intratumoral RB transfer decreased tumor cell proliferation, re-established innervation by growthregulatory dopaminergic neurons, inhibited the growth of tumors, and significantly prolonged the life spans of treated animals by a mean of Ϸ20% compared with controls.
The universal character of these observations has remained unclear because melanotroph tumors are exceptionally rare in humans. The discrepancy in the spectrum of Rb-deficient tumors between mice and humans prompted us to evaluate further mouse neoplasia associated with loss of Rb function. The present studies demonstrate that Rb ϩ/Ϫ mice suffer from a syndrome of multiple neuroendocrine neoplasia and metastatic disease. Intriguingly, some neoplasia closely resemble human tumors. By using these models, we examine directly whether the loss of Rb is a universally early and persistent requirement of carcinogenesis. First, we delineate the earliest morphologically atypical cells in multiple target tissues, and by using microdissection-PCR genotyping, demonstrate absence of the wild-type Rb in those cells. Second, we use a transgenic mouse model to conditionally turn on expression of exogenous RB in the Rb-deficient cells and demonstrate suppression of their progression in a number of tissues. Third, we apply highly efficient nonviral vectors to deliver RB into Rb-deficient metastatic cells in lungs and demonstrate dramatic reduction of lung metastasis.
MATERIALS AND METHODS

Animals.
All experiments were performed on siblings maintained in the same room on the same diet. The origin of Rb ϩ/Ϫ mice has been described (17) . Preparation and characterization of bitransgenic RTgRB mice containing a tetracyclineresponsive transactivator (18) under the control of the RB promoter (TgRBp-tTA; ref. 19) , and a minimal cytomegalovirus promoter-tet operator (18) fused to the wild-type human RB cDNA (TghCMV*-1p-RB) will be described in detail elsewhere (A.Y.N., B. Shan, A. Flesken-Nikitin, K.-H. Chang, and W.-H.L., unpublished work). Identification of Rb ϩ/Ϫ and RTgRB mice by PCR genotyping has been described (11, 20) .
Collection and Morphological Analyses of Animal Material. After anesthetization with avertin, animals were subjected to cardiac perfusion at 90 mmHg with phosphate-buffered 4% paraformaldehyde. The brain, pituitary and thyroid glands,
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salivary glands, trachea, esophagus, thymus, smooth and striated muscle, lung, mediastinum, stomach, small and large intestine, liver, kidney, adrenal glands, gonads, spleen, pancreas, lymph nodes, and uterus or prostate were examined during autopsy, and representative specimens were further characterized by microscopic analysis of paraffin sections stained with hematoxylin and eosin as described (11) . At least 10 pituitary, thyroid, and adrenal glands were obtained on postnatal day (P) 35, P60, P90, P120, P140, and P180. Serial sectioning and sequential three-dimensional reconstruction of specimens were performed as described (11) .
Immunohistochemical Analyses. Immunohistochemical analysis of paraffin sections of paraformaldehyde-fixed tissue was performed by a modified avidin-biotin-peroxidase technique (11) . The antibodies used to detect ␣-melanocytestimulating hormone, Rb, and BrdUrd have been described (11) . The antibodies to growth hormone (1:100 dilution), to the ␤ subunits of luteinizing hormone (1:100) or thyroidstimulating hormone (1:100), to ␣-glycoprotein subunit (␣-GSU, 1:100), to prolactin (1:300), and to adrenocorticotropic hormone (1:1,000) (all of which were from the National Hormone and Pituitary Program of the National Institute of Diabetes and Digestive and Kidney Diseases), to folliclestimulating hormone (1:500; Dako), to calcitonin (1:1,000; Peninsula Laboratories), or to parathyroid hormone (1:500; Peninsula Laboratories) were incubated with deparaffinized sections for 1 hr at room temperature. Sections subsequently were incubated for 30 min at room temperature with biotinylated secondary antibodies (anti-guinea pig for luteinizing hormone, anti-monkey for growth hormone, and anti-rabbit for the other hormones; 1:200 dilution in 2% normal mouse serum), and immune complexes then were detected with ABC Elite (Vector Laboratories) by incubation for 30 min at room temperature. The percentage of metastatic cells labeled with BrdUrd (BrdUrd index) was detected essentially as described earlier (11, 16) . More than 500 metastatic cells of at least three animals were scored to estimate the BrdUrd index. For detection of lung metastases at least 10 serial sections of each lung from at least three animals were stained with calcitoninspecific antibodies and evaluated under microscope at magnification ϫ600.
Lipid-Entrapped, Polycation-Condensed DNA Complex (LPD)-Mediated Gene Transfer. The RB construct (RBp-RB) containing 1.6 kb of the RB promoter, 2.8 kb of RB cDNA, and 1.6 kb of the ␤-globin polyadenylation site was described (21) . To prepare the RBp-RBH209 construct the wild-type RB cDNA of RBp-RB was substituted with the 2.8-kb BamHI fragment derived from pCMVNeoRBH209 (23) . This fragment contains cDNA encoding RB with a single Cys 706 to Phe substitution (22) . LPDs were prepared essentially as described (24) (25) (26) (27) . According to previous titration studies 2.5 g of construct in 15 l per gram body weight were optimal for i.v. administration.
PCR Analyses of DNA and RNA. Microdissection of cells, DNA isolation, and subsequent genotyping have been described in detail (11) . Preparation of mRNA and estimation of relative amounts of Rb͞RB cDNAs were performed with the following modifications of the original protocol (20) . About 1,000 thyroid C cells and lung metastatic cells were collected by microdissection from frozen sections and applied to Hybond-mAP paper (Amersham Pharmacia). The primers for Rb and RB were: 5Ј-ATACACTCTGTGCACGCCTTCTGTC-3Ј (Rb ex20-5Ј; sense) and Rb ex21-3Ј (antisense; ref. 20) . ␤-Actin transcripts were detected with primers AC6 (sense) and AC5 (antisense; ref. 20) . Parallel kinetics of ␤-actin, Rb, and RB amplifications were observed until after 25 PCR cycles. In test titration experiments Ն25% differences could be reproducibly detected.
Immunoprecipitation-Western Blotting Analyses. Tissue extracts were subjected to immunoprecipitation and immunoblot analysis with mAb 11D7 (28), which is specific for human RB protein and with mAb 245 (29) and C-15 antiserum (Santa Cruz Biotechnology), both of which recognize both human RB (110 kDa) and mouse Rb (105 kDa), as indicated in ref. 21 .
Statistical Analyses. All statistical analyses were performed with the programs INSTAT and INPLOT (GraphPad, San Diego).
RESULTS AND DISCUSSION
Multiple tissues were obtained from 69 Rb ϩ/Ϫ mice in the moribund condition, as well as from 38 wild-type littermates of matched age. The cause of terminal status in most Rb ϩ/Ϫ mice was brainstem compression by pituitary tumors, with a small number of animals experiencing asphyxia caused by tracheal compression by large (Ͼ2 cm in diameter) thyroid tumors. Topographic histological analyses revealed that, in addition to typical melanotroph tumors described in detail (11), 22% of pituitaries from Rb ϩ/Ϫ mice contained highly vascularized regions of polymorphic tumor cells in the anterior lobe that were dissimilar to those in the intermediate lobe ( Fig. 1 A and  B ; Table 1 ). Unlike melanotrophs, these cells did not express ␣-melanocyte-stimulating hormone (Fig. 1B ), but they always contained the ␣-GSU (8 of 8 animals, 50-95% positive cells) ( Fig. 1 A) and sometimes expressed growth hormone (5 of 8 animals, 5-40% positive cells) and the ␤ subunit of thyroidstimulating hormone (4 of 8 animals, 5-60% positive cells). Serial sections of glands from younger animals confirmed that the ␣-GSU-positive cells originated from the anterior lobe. The first groups of morphologically atypical cells (EAPs, for regions of early atypical proliferation) were detected as early as P90 (Fig. 1 C and D) . Similar to atypical melanotrophs (11), early atypical cells of the pituitary anterior lobe did not contain a wild-type Rb allele in 6 of 6 animals subjected to genotype analysis (Fig. 1O) .
Examination of the laryngotracheal area revealed that 95% of Rb ϩ/Ϫ animals had a thyroid tumor by the time of death (Table 1) . Histological features of these tumors (Fig. 1E) , as well as persistent expression of calcitonin by the tumor cells (Fig. 1H) , closely resemble diagnostic hallmarks of human medullary C-cell carcinomas. The earliest morphological manifestation of C-cell carcinogenesis was parafollicular proliferation of atypical cells between P35 and P60 (Fig. 1 F and G) . In addition, 8% of Rb ϩ/Ϫ mice exhibited parathyroid hormonecontaining adenomas of the parathyroid gland ( Fig. 1 J and K ; Table 1 ). Hyperplasia of the parathyroid gland was first identified on P90. Both C-cell (12 of 12) and parathyroid (3 of 3) EAPs contained only the mutant Rb allele (Fig. 1O) .
Histological analysis of the lungs revealed multiple groups of highly mitotic cells. Frequently, these cells were located intravascularly and invaded surrounding alveoli, indicating a metastatic origin (Figs. 1I and 2G ). The cells all contained calcitonin (Fig. 1I ), but they did not express markers specific for tumors of either the pituitary or parathyroid gland. The absence of any correlation between the presence of metastases and tumors of the anterior pituitary or adrenal gland in the same animals supported a C-cell origin for these cells. Calcitonin-positive metastatic cells were first apparent on P250. Eighty-four percent of animals (21 of 25) had metastases by P380. Three of 30 animals also exhibited calcitonin-positive metastases in the liver.
Seventy-one percent of Rb ϩ/Ϫ mice exhibited pheochromocytomas of the adrenal gland ( Fig. 1L; Table 1 ), 14% of which (3 of 22 tumor-positive animals) were bilateral. The lesions ranged from small foci of atypical cells to polymorphic tumors that had replaced the medullary tissue and compressed the adrenal cortex. Atypical cells were first detected in the adrenal medulla on P60 (Fig. 1 M and N) . Eight of eight EAPs examined contained only the mutant Rb allele (Fig. 1O) .
Moderate hyperplasia of pancreatic islet of Langerhans cells (diameter Ͼ300 m) and neuroendocrine cells of the lung, similar to that described previously (12) , was observed in 41% and 11% of Rb ϩ/Ϫ mice, respectively (Table 1 ). These results demonstrate that Rb ϩ/Ϫ mice develop a syndrome of multiple neuroendocrine neoplasia associated with Rb deficiency, and they provide further support for a previous proposal (11) that Rb plays a specific role in ontogenesis of cells with a neuroendocrine phenotype. In humans, in addition to retinoblastomas and small cell lung carcinomas, 16% of parathyroid tumors, as well as some tumors of the anterior pituitary lobe and C-cell thyroid tumors, either exhibit loss of heterozygosity for the RB locus or lack RB expression (30-34). We have observed complete loss of nuclear RB staining in 3 of 17 (18%) human C-cell thyroid carcinomas. In addition, RB showed an irregular, mostly cytoplasmic location in 13 tumors (unpublished data). Other neuroendocrine cell types in humans might exhibit defects in other genes whose products contribute to the RB-mediated pathway. Thyroid C-cell carcinoma and bilateral adrenal pheochromocytoma are hallmarks of human multiple endocrine neoplasia (MEN) syndrome type 2a, whereas pancreatic endocrine hyperplasia and ␣-GSU-producing pituitary adenomas are typical of MEN syndrome type 1. It remains to be determined whether defects in RB-mediated signaling contribute to human MEN syndromes.
Although atypical cells were first apparent at similar times for the various tumor types in Rb ϩ/Ϫ mice, the tumor latency periods and the extent of tumor progression at the time of death differed. For example, only thyroid C-cell tumors gave rise to distant metastases, indicating the existence of secondary cell lineage-specific changes that are required for tumor progression. Indeed, the frequency of heteroploidy was greater in thyroid C-cell tumors than in tumors of the pituitary intermediate lobe evaluated by cytogenetic analysis of chromosomal spreads and by flow cytometry (unpublished data).
We previously showed that adenovirus-mediated introduction of RB into Rb-deficient melanotrophs can attenuate carcinogenesis (16) . Temporary RB expression in either early atypical cells (P35) or in cells during the early stage of invasion (P180) was sufficient to prolong the life span of the affected mice by an average of 60-80 days. To determine whether a similar effect might be achieved in other Rb-negative cells, we crossed RTgRB transgenic mice, in which expression of the RB transgene can be repressed by tetracycline administration, with Rb ϩ/Ϫ mice. During continuous tetracycline administration, the resulting Rb ϩ/Ϫ RTgRB mice expressed only endogenous Rb (Fig. 2 A-F, and A. Y.N., B. Shan, A. Flesken-Nikitin, K.-H. Chang, and W.-H.L., unpublished work) and manifested the expected spectrum of neuroendocrine tumors (Table 1) . Termination of tetracycline treatment on P90 resulted in expression of the RB transgene and a marked decrease in the number of animals that developed tumors. Thus, reconstitution of Rb function suppressed the malignant phenotype in multiple cell lineages.
Although a critical role for the RB gene in the initial stages of carcinogenesis is well established, the impact of RB deficiency on tumor progression remains mostly uncharacterized. A few studies indicate that RB might contribute to such metastasis-relevant cell properties as motility, adhesion, and invasion (35) (36) (37) (38) (39) . The lung metastases of thyroid C-cell car- mice represent a model with which to address this issue as well as to characterize the metastatic process and to develop clinically relevant gene therapeutic approaches.
Gene transfer mediated by LPD results in preferential accumulation of transgene in cells in the lungs, including macrophages and endothelial cells, after injection into the tail vein of mice (24, 40) . Compared with viral approaches, liposome-mediated gene transfer has the advantage of minimal toxicity and low immunogenicity (40) (41) (42) (43) . To evaluate whether DNA can be efficiently delivered to metastatic cells by LPDs, we injected Rb ϩ/Ϫ mice with LPDs containing RB cDNA under the control of the RB promoter. This regulatory element is well characterized and is sufficient for rescue of both embryonic lethality and tumor phenotype in Rb
and Rb ϩ/Ϫ mice, respectively (17, 19, 21, 44, 45) . Furthermore, the RB promoter is negatively regulated by RB, alleviating potential RB overexpression (46) . The presence of the RB transgene in metastatic cells was detected by microdissection-PCR analysis (Figs.  2 G and H and 3A) , and its expression was demonstrated by immunostaining ( Fig. 2 J) , immunoblot (Fig. 3B) , and reverse transcription-PCR (Fig. 3 C and D) analyses. The RB transgene was significantly higher expressed in metastatic cells as compared with neighboring alveolar and endothelial cells (Figs. 2 J and 3 C and D) . At the same time, extent of RB expression in C-cell-derived metastases was comparable to that in thyroid C cells (Figs. 2 C and J and 3 C and D) . These results are in good agreement with earlier immunohistochemical studies describing cell-type specific variations in RB expression (11, 47) . Most importantly, they demonstrate that LPD-mediated transfer allows evaluation of metastasis upon expression of RB at physiological levels.
A single application of LPD-RB was sufficient to reduce significantly the proliferative activity of metastatic cells (Fig.  4 A and B) , compared with that apparent in untreated animals or in mice treated with LPDs containing either functionally inactive RBH209 mutant, lacZ (␤-galactosidase), or Luc (luciferase) constructs. The effect of RB on metastasis was further investigated after multiple administration of the corresponding LPDs. Given that 84% of animals contain metastatic cells by P380 (see above), we administered weekly injections to mice beginning at P350-P360. Metastatic foci in the lungs were scored 1 week after the last of three injections. In mice treated with wild-type RB, frequency of metastases was reduced from 84% to 12% (Fig. 4C ). Mice treated with Luc or H209 constructs had metastases in 80% and 63% of cases. Although the differences in frequencies among Luc, H209, and untreated mice were statistically insignificant (see legend for P350-P360, reintroduction of RB may affect both embolic and extravasal stages of metastatic process.
Thus, in spite of the long latency period, during which genetic alterations can accumulate, Rb deficiency remains critical for tumor progression in Rb ϩ/Ϫ mice. Carcinogenesis usually is thought of as a multistage process in which the accumulation of genetic alterations results in selection of the most autonomous and, supposedly, most malignant cell clones (48) (49) (50) (51) . Gene therapy of tumors at advanced stages thus may require the targeting of multiple genes. Indeed, carcinogenesis in the salivary gland may be abrogated by termination of simian virus 40 large T antigen expression only until a certain stage has been achieved (52). Our results indicate that suppression of the tumor phenotype may depend on gene function in the context of a particular cell lineage. Most human RB-deficient tumors, such as small cell lung carcinoma, are detected at a relatively late stage and exhibit a pronounced metastatic potential. Reconstitution of RB function thus should be considered a primary target for treatment of such RB-deficient disseminated tumors.
The discovery of tumor suppressor genes has provided a conceptual basis for the design of gene therapeutic approaches (16, 43, 53) . Recently, the definition of tumor suppressor has come to encompass virtually any gene whose loss of function is associated with cancer susceptibility (54) . This situation has required subclassification of such genes as gatekeepers, caretakers, or landscapers (51) , with an inevitable diminishment in the direct therapeutic meaning of the term tumor suppressor. Our data reaffirm the original definition of a tumor suppressor gene as a gene that is able to suppress the neoplastic phenotype (53, 55, 56 -4) , LPD-RBH209 (lanes 5 and 6), or in those of mice exposed to LPD-Luc (lanes 7 and 8). Immunoprecipitation (IP) was performed with C-15 antiserum, which recognizes both human RB (110 kDa) and mouse Rb (105 kDa), or mAb 11D7, which is specific for human RB protein, and immunoblot analysis was performed with mAB 245 (Upper). Detection of p84, a nuclear matrix protein (57) , was assessed as a control for gel loading 
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